Max-Planck-Institut fü r Medizinische Forschung (Neher, 1988) . Do gonadotrophs use similar mechaJahnstrasse 29 nisms? Indeed, biochemical studies on cell populations 69120 Heidelberg have shown that activation of protein kinase C (PKC) Federal Republic of Germany stimulates secretion at the low [Ca 2ϩ ] i levels found in resting gonadotrophs (van der Merwe et al., 1989) . Some authors have postulated that PKC sensitizes the exoSummary cytic machinery to Ca 2ϩ (Jobin et al., 1995) , while others have reported that the stimulatory effects of Ca 2ϩ and Exocytosis and the cell-averaged cytosolic [Ca 2؉ ], PKC are independent (van der Merwe et al., 1990 We identified single gonadotrophs with the reverse hemolytic plaque assay and monitored their cell-surface Exocytosis in electrically excitable cells is generally trigarea by measuring the electrical capacitance (C m) of the gered by Ca 2ϩ entry through voltage-gated Ca 2ϩ chanplasma membrane. The cell-averaged cytosolic [Ca 2ϩ ], nels. Ca 2ϩ channels are thought to act locally, causing [Ca 2ϩ ] i , was determined by ratiometric fluorimetry using only moderate [Ca 2ϩ ] elevations in most of the cytosol the indicator dye indo-1. Stimulation with GnRH caused while raising [Ca 2ϩ ] to high levels beneath the plas- [Ca 2ϩ ] i to oscillate in waves, each causing a rise in C m malemma. Not surprisingly, measurements in single as exocytosis of secretory granules increased the cell cells have shown that the final Ca 2ϩ -triggered step in surface area. Figure 1 samples the variety of responses exocytosis requires relatively high [Ca 2ϩ ] levels. Halfobserved in virgin cells stimulated for the first time sevmaximal rates of exocytosis require 30 M in melanoeral days after their identification in a hemolytic plaque. trophs (Thomas et al., 1993b) , 50 M in chromaffin cells Throughout, the membrane potential was so negative and 200 M in synaptic terminals of retinal bipolar cells (Ϫ70 mV) that voltage-gated Ca 2ϩ channels remained (Heidelberger et al., 1994) . Among excitable cells, pitushut and [Ca 2ϩ ]i rose predominantly itary gonadotrophs seem to be an exception. Although or entirely owing to IP3-mediated release from internal they have functional voltage-gated Ca 2ϩ channels (Tse stores. Traces from three cells are shown on the left, and , Ca 2ϩ entry through them has no direct with their initial portions magnified on the right. role in exocytosis at physiological external [Ca 2ϩ ] (Tse In the cell of Figures 1A and 1B, the first Ca 2ϩ wave et al., 1993) . Instead, stimulation with gonadotropinwas smaller than the second, and in such cases the first releasing hormone (GnRH) causes cytosolic [Ca 2ϩ ] to exocytic response was also never the largest. In cells rise and fall in a series of waves due to the repeated where the first Ca 2ϩ wave was as large or larger than release of Ca 2ϩ from an inositol 1,4,5-trisphosphate (IP 3 )-those that followed, the first C m increase was always sensitive store (for reviews, see Hille et al., 1995; . Although Ca 2ϩ waves briefly raise the largest ( Figures 1C and 1D) . Also, the C m increase and diminishes during later waves as if cells temporarily ran out of readily releasable granules. Full exocytic capacity returns within about 2 min (data not shown). If the pool of such granules is estimated as the combined rises in C m during the first two Ca 2ϩ waves, it adds 199 Ϯ 27 fF (n ϭ 18), equivalent to 100 granules of 0.19 m 2 surface area (see below). To avoid complications due to this depletion effect, we restrict all future analysis to the first Ca 2ϩ wave in an oscillation. Second, C m has generally slowed or stopped its increase by the time a Ca 2ϩ wave has reached its peak ( Figures 1D and 1E ). Previously we attributed this to depletion of releasable granules , but other factors contribute (see below).
Third, although [Ca 2ϩ ]i waves peak at 1.5-4.0 M, they trigger exocytosis during their rising phases already at lower [Ca 2ϩ ] i (vertical lines in Figures 1B, 1D , and 1F). To relate exocytosis to [Ca 2ϩ ] i , third-order polynomials were fitted to the rise in C m (see Figures 5A and 5B for examples), and their slopes measured as [Ca 2ϩ ] i swept upward through 0.5 M. In virgin cells, dC m /dt was 72 Ϯ 29 fF/s (mean Ϯ SE; n ϭ 8).
During subsequent exposures to GnRH, the first [Ca 2ϩ ] i waves were larger and exocytosis faster. This effect was studied in six cells. dCm/dt was 84.9 Ϯ 35 fF/s at 0.5 M [Ca 2ϩ ]i during the first challenge with GnRH, 2.3 Ϯ 0.3 times larger during a second challenge given 2-4 min later, and 3.7 Ϯ 1.3 times larger during a third given 2-4 min after the second. To avoid complications from this facilitation effect, analysis in this paper was restricted to virgin cells. After multiple stimuli with GnRH, cells usually responded as in Figures 1C and 1D . Figure 2B ), but the increase was much slower than the peak release 1C and 1D, with both patterns about equally common in virgin cells. A relatively rare response is shown in rates observed in GnRH-stimulated cells. While Ca 2ϩ can clearly stimulate exocytosis when applied through Figures 1E and 1F , where rapid endocytosis retrieved more membrane than was added during exocytosis. micropipettes, it seems vastly less effective than when GnRH induces IP 3 -mediated release from internal stores. Such excess endocytosis has been reported in other endocrine cells Since the first C m measurement in a cell is sometimes not obtained until 1 s after patch break, a rapid burst 1994; Artalejo et al., 1995) .
Despite the variability of responses, three generalizaof exocytosis may have been missed before the beginning of the traces in Figures 2A and 2B , and may have tions may be made ] was raised by ultraviolet (UV) flashes (upward arrows in Figure 3) ). After rising from about 50 nM to >50 M, [Ca 2ϩ ] i declined (time constant 3.8 s in Figure 3A , mean 1.4 Ϯ 0.1 s; n ϭ 16). A similarly fast decline of [Ca 2ϩ ] i is seen after influx through voltage-gated Ca channels raises [Ca 2ϩ ] i to >0.5 M and is due mostly to uptake into internal organelles (time constant 1.4 s; Tse et al., 1994) . Figure 3 shows that at sufficient concentrations, Ca 2ϩ can trigger strong exocytosis even without GnRH. As in similar experiments on melanotrophs (Thomas et al., 1993a (Thomas et al., , 1993b and chromaffin cells (Neher and Zucker, 1993) , C m rose in three kinetic phases. A fast phase, termed exocytic burst, added 180 fF in 100 ms in Figure  3C ; then a slower phase added another 420 fF within 1 s ( Figure 3B ). In cells where [Ca 2ϩ ] i remained above 30 M, exocytosis continued slowly for tens of seconds, suggesting a third, ultraslow phase of secretion ( Figure  3A ), although in most cells, [Ca 2ϩ ] i quickly fell below this value, and this slowest phase was small or absent. Nonetheless, flash photolysis of caged Ca 2ϩ can elicit as much exocytosis as a prolonged stimulation with GnRH (320 fF; Tse et al., 1993) .
The exocytic burst was complete in little over 100 ms. The fact that exocytosis stopped, although [Ca 2ϩ ]i remained above 40 M, suggests that a small population of release-ready granules became depleted. On aver- them by the mean amplitude of the exocytic burst (268 fF). At high [Ca 2ϩ ] i , the rate constant saturated at 21/s, the Ca 2ϩ -sensing mechanism of exocytosis may adapt suggesting that a granule needs about 50 ms for exoto Ca 2ϩ , so that rapid exocytosis occurs only when cytosis after all regulatory sites have been occupied by [Ca 2ϩ ]i rises rapidly (Hsu et al., 1996) . To test these possiCa 2ϩ . Similar results were previously obtained in melablilities, we measured Cm continuously with a lock-in notrophs (Thomas et al., 1993b (Kaplan and Ellis-Davies, 1988) . Free [Ca 2ϩ ] 2B. The curve fits both sets of measurements. We sugwas kept low until [Ca 2ϩ ] was raised within 1 ms to 1-1.5 gest that together, the two data sets describe the Ca 2ϩ -M by flash photolysis of the chelator (arrow in Figure  dependence of exocytosis at uniform [Ca 2ϩ ]i in unstimu-2C). As in Figures 2A and 2B , exocytosis was slow or lated gonadotrophs. Evidently, exocytosis is controlled by a Ca 2ϩ receptor of moderate to low affinity, as in absent. melanotrophs (Thomas et al., 1993b ) and chromaffin cells . Also plotted in Figure 4 are rates measured while [Ca 2ϩ ] i swept upward during GnRH-triggered Ca by Flash Photolysis of DM-Nitrophen were on average 100-fold higher than when [Ca 2ϩ ]i was stimulated with GnRH. One contained minimal amounts of Ca 2ϩ chelator ( Figure 5C ) and responded with the usual rapid rise in [Ca 2ϩ ] i , while in the other, a concentrated Ca-EGTA mixture blunted the rise in [Ca 2ϩ ] i (Figure 5D ). Rates of exocytosis were determined at 0.5 M [Ca 2ϩ ] i either from the slopes of third-order polynomials (tick marks in Figure 5C ) or from the change in C m occurring while [Ca 2ϩ ] i remained above 0.5 M (tick marks in Figure 5D ). When the cytosol was lightly buffered for Ca 2ϩ , there was significant exocytosis (72 Ϯ 29 fF/s, n ϭ 8), while in strongly buffered cells, exocytosis was weak; the mean (1.9 Ϯ 0.42 fF/s, n ϭ 5) was little larger than when Ca 2ϩ diffused through a patch pipette. The lack of exocytosis in Figure 5D is not due to GnRH failing to liberate IP3 or to initiate signaling. This can be seen by comparing the rates of Ca 2ϩ release. In Figure  5C , the cell contained 100 M indo-1, and . Altogether, the [Ca 2ϩ ]i rise in Figure 5C much IP 3 was released in Figure 5D as in Figure 5C . Yet were much slower in (D), even though GnRH was present and proba-
The results obtained so far may be summarized. When bly generated at least as much IP3 as in (C) (see text -5A and 5B), and their slopes (dCm/dt, the rate of exokovic and Catt, 1995), but Figure 5 gives no indication cytosis) were measured when [Ca 2ϩ ]i reached 1 M. In that this applies also in the short term. Hence, additional cells where [Ca 2ϩ ]i rose from 0.5 M to 1.5 M in 100-300 non-Ca 2ϩ messengers cannot explain why GnRH norms, the exocytic rate was 252 Ϯ 98 fF/s (n ϭ 7) with IP3 mally stimulates vigorous exocytosis at micromolar alone and 187 Ϯ 74 fF/s (n ϭ 10) with IP3 generated [Ca 2ϩ (Regehr et al., 1994; Wu and Saggau, 1994) . Instead, Figure 6A , a weak flash supplied moderate amounts of IP 3 , and [Ca 2ϩ ] i rose slowly. Essentially no exoyctosis flux through voltage-gated Ca 2ϩ channels sets up [Ca 2ϩ ] i gradients both in nerve terminals (Roberts et al., 1990;  was observed while [Ca 2ϩ ] i remained <1.5 M (see tick marks); significant exocytosis occurred only at higher Lliná s et al., 1992) and chromaffin cells (Chow et al., 1994) , such that [Ca 2ϩ ] i near exocytic sites is higher than [Ca 2ϩ ] i , which would have triggered exocytosis also if supplied through a patch pipette. In Figure 6B, the unexpectedly high exocytic rates induced by GnRH cells -triggered exocytosis in PC-12 cells sites. Figure 7A shows a typical image of an unidentified (Bauerfeind et al., 1993) . However, in gonadotrophs, anterior pituitary cell. Membrane-bounded compartdense-core secretory granules are by far the most abunments representing tubules or sheets are seen to invade dant secretory organelle, and few if any other secretory the spaces between secretory granules, and many are organelles appear near the plasma membrane (Figure seen within one or two granule diameters of the plas-7). Hence, it is reasonable to attribute the kinetic compomalemma.
nents seen here to dense-core granules. To learn whether similar structures occur in gonado- Figure 7B ). The label, visible as black dots, is found in of moderate to low affinity. In a typical gonadotroph of most secretory granules and hence identifies this cell 570 m 2 surface area (5.7 pF initial capacitance), 140 as a gonadotroph. To demonstrate the specificity of granules participate in the exocytic burst, adding a total labeling, Figure 7C shows an unidentified pituitary cell of 270 fF capacitance. from the same section as Figure 7B . No gold beads At sufficient concentrations, Ca 2ϩ -stimulated exowere associated with its granules. Contrast in unfixed cytosis was as large in extent as (e.g., Figure 3A ) and sections is low, since metal stain is supplied only after faster than (Figure 4 ) exocytosis triggered by a minuteembedding and only to their surface. Nonetheless, exlong application of GnRH. Clearly, Ca 2ϩ alone can stimutensive subsurface cisternae were seen in about half late maximal exocytosis. It did so despite the expectathe sections from gonadotrophs. When visible, they ention that most cytosolic ATP had escaped into the circled one third to one half the cytoplasm. The cell in recording pipette, and that the DM-nitrophen had forced Figure 7C also shows subsurface cisternae. Compared [Mg 2ϩ ] to <10 nM. Under these conditions, both cytosolic with the cell shown in Figure 7A, for random sectioning (Parsons et al., 1995) , this correwaves rarely rises above 3 M, and by the time it does, sponds to a diameter of 190 nm and a surface of 0.12 exocytosis has already slowed ( Figure 1B) or stopped m 2 . The larger size class showed a broader and skewed ( Figures 1D and 1F) . The highest exocytic rates are seen distribution with profile diameters up to 450 m. The while [Ca 2ϩ ] i sweeps upward through the 1.0-1. (Hsu et al., 1996) . However, when (Jobin et al., 1995) . Indeed, GnRH does activate PKC flash photolysis of DM-nitrophen raised [Ca 2ϩ ] i beyond (reviewed by . PKC is held 1 M (Figure 2C ), it is expected to have done so within responsible for the increase in secretion brought by each the duration of our 1 ms flash (McCray et al., 1992 ] gradient is similar in amplitude to that Two of our findings support this idea: first, the Ca 2ϩ inferred for chromaffin cells and would not require the discrepancy was never observed in the absence of IP 3 , nanometer colocalization of Ca 2ϩ channels and exocytic and second, exocytosis at 1 M cell-averaged [Ca 2ϩ ] in sites postulated for neurons (Chow et al., 1994) . Figure 6 is proportional to the rate of Ca 2ϩ release, which Two findings support our hypothesis. First, Ca 2ϩ imis likely to be proportional to cytosolic [IP 3]. aging studies at video rate (Rawlings et al., 1991) have While the literature contains no evidence that IP 3 stimshown that GnRH-triggered Ca 2ϩ release occurs at first ulates exocytosis, two published findings do indicate selectively beneath the plasma membrane. Second, the a role for polyphosphoinositides in exocytosis. First, rate of exocytosis in IP 3 -stimulated cells depends exocytosis of dense-core granules requires enzymes steeply on d [Ca 2ϩ ]i/dt. This is predicted because Ca 2ϩ that form polyphosphoinositides (Hay et al., 1995) . Secgradients dissipate rapidly in small cells such as goond, synaptotagmin, a protein required for regulated nadotrophs (probably in 30-40 ms in a cell of 10-15 m exocytosis (Broadie et al., 1994; Geppert et al., 1994; diameter; Hernandez-Cruz et al., 1990) . They can exist Littleton et al, 1994) , binds polyphosphoinositides in a only while they are maintained by flux, estimated here Ca 2ϩ -dependent way (Fukuda et al., 1994) , and this propas proportional to the time derivative of [Ca 2ϩ ] i . The erty may mediate its role in regulating exocytosis (Schihypothesis also explains why secretion diminishes or avo et al., in press). However, both findings suggest that stops when release stops and a Ca 2ϩ wave reaches its high order inositolpolyphosphates should inhibit rather peak ( Figures 1D and 1E ), although depletion of releasthan facilitate exocytosis, because they would compete able granules will also tend to contribute to this result. with polyphosphoinositides at the active sites of en-A Ca 2ϩ discrepancy exists also between Figures 5C zymes or of synaptotagmin. Indeed, IP 4 and IP5 inhibit and 5D, despite vigorous Ca 2ϩ release in both cases. transmitter release at the synapse, whereas IP 3 is inefBecause the exocytic rate was 38-fold higher in Figure  fective (Lliná s et al., 1994) .
5C than in Figure 5D and because it grows with the third Another difficulty with the IP 3 hypothesis is shown in power of [Ca 2ϩ ]i, we may infer that the local [Ca 2ϩ ] was Figures 5C and 5D , where exocytosis at 0.5 M [Ca 2ϩ ]i 3-fold higher in Figure 5C than in 5D. To explain the failed despite normal IP 3 liberation. Future work should difference, we assume that the Ca 2ϩ store lies at some more directly test for IP 3 effects on exocytosis. At this distance from the plasmalemma, e.g., 500 nm, as do the time, however, the balance of the evidence argues subsurface cisternae in Figure 7 . The region of elevated against a stimulatory effect.
[Ca 2ϩ ] must extend over that distance to reach the exoFigures 5C and 5D also argue against a need for the cytic sites. Added EGTA is expected to sharpen the synergistic action of other, unknown messengers. Alspatial [Ca 2ϩ ] gradient (Roberts, 1994 ; Nowycky and though GnRH induced massive Ca 2ϩ release and hence Pinter, 1993) , thereby constricting the region in which successfully initiated signaling in Figure 5D , it failed to [Ca 2ϩ ] is higher than the cytosolic average. ] with buffer than without. While the calculation may not mimic the situation in Figures 5C curs also at the apical pole of pancreatic acinar cells (Kasai and Augustine, 1990) while it triggers exocytosis and 5D in all aspects, adding buffer will clearly depress [Ca 2ϩ ] at exocytic sites located some distance from the there. Where cells control secretion by IP 3 -mediated Ca 2ϩ release, they may have evolved mechanism to reCa 2ϩ source. Hence, Ca 2ϩ release from the same store will cause exocytosis in Figure 5C but not in Figure 5D .
lease Ca 2ϩ preferentially beneath the cell surface in order to spare the rest of the cytosol. Subplasmalemmal What is the morphologic basis for nonuniform Ca 2ϩ release? In many secretory cells, secretory granules Ca 2ϩ stores would be well suited for this purpose. When releasing Ca 2ϩ , they would also have a geometric advancontain large amounts of Ca 2ϩ , and it has been suggested that they release it in response to IP3 (Yoo and tage over stores deeper within the cell when signaling their depletion to Ca 2ϩ release-activated Ca 2ϩ channels Albanesi, 1990; Blondel et al., 1994; Gerasimenko et al., 1996) . Docked granules may trigger their own exocytosis in the plasma membrane. by releasing their Ca 2ϩ . Whether or not pituitary granules release Ca 2ϩ in response to IP 3 is unknown. An alterna-
Experimental Procedures
tive was already discussed, namely, that Ca 2ϩ is released from membranous sacs or cisternae close to the Single gonadotrophs were isolated from male 5-week-old SpragueDawley rats and identified with the reverse hemolytic plaque assay plasma membrane. Plasma membrane-associated IP 3 - (Tse and Hille, 1992; Tse et al., 1994) -actimembrane in cerebellar Purkinje cells (Ross et al., 1989) .
vated K ϩ channels (Tse and Hille, 1992) . Values are given as means
Subsurface cisternae are seen also in gonadotrophs and Ϯ SEM. GnRH was obtained from Peninsula, and DM-nitrophen and other pituitary cells (Figure 7 ) and may be Ca 2ϩ stores.
caged IP3 from Calbiochem.
In gonadotrophs, they do not cover all of the plasThroughout, we recorded from cells with patch micropipettes in malemma, and this may explain why subplasmalemmal the whole-cell mode; solutions filling the recording pipettes are derelease of Ca 2ϩ does not occur everywhere beneath the scribed in the figure legends. The plasma membrane potential was held at Ϫ70 mV after a correction for a Ϫ10 mV junction potential.
cell surface (Rawlings et al., 1991) .
The cell-surface area was monitored in real time by measuring the In pituitary cells, membranous sacs or cisternae are membrane capacitance, Cm. Unless indicated otherwise, an 800-Hz seen not only beneath the plasma membrane but sinusoid of 30 mV peak-to-peak amplitude was added to the holding throughout most of the cytoplasm. The same is true for potential, and changes in Cm were measured with a two-phase locksecretory granules. To explain preferential release near in amplifier (Thomas et al., 1990; Tse et al., 1993 Thomas et al., 1990) . For indo-1, the calibration constants R min , R ma x , and K* were determined as described (Tse et lar [Ca 2ϩ ] is seen also after presumably uniform release al., 1993, 1994) ; they were 0.47, 5.22, and 2.89 M, respectively. In of IP 3 by flash photolysis of an inactive precursor. Possiexperiments using DM-nitrophen, [Ca 2ϩ ] i measurements were done bly only the most peripheral membranous compartwith indo-1, fura-2, or furaptra (Thomas et al., 1993b Figure 1 ). All data shown here were collected >180 s after the pipette conChow, R.H., Klingauf, J., and . (1988) . GTP-and inositol 1,4,5-Electron microscopy of glutaraldehyde-fixed specimens was triphosphate-induced release of 45 Ca 2ϩ from a membrane store codone as described by Griffiths et al. (1984) . Chemically unfixed matelocalized with pancreatic-islet-cell plasma membrane. Biochem. J. rial was prepared as described by Parsons et al. (1995) , except that 253, 67-72. cells were grown on sapphire coverslips of 50 m thickness, 3 mm Foskett, K.J., Gunther-Smith, P.J., Melvin, J.E., and Turner, J.R. diameter for improved thermal conduction. Coverslips were plunged (1989) . Geppert, M., Goda, Y., Hammer, R.E., Li, C., Rosahl, T.W., Stevens, for 10 min, rinsed four times for 10 min with PBS, and then incubated C.F., and Sü dhof, T.C. (1994) . Synaptotagmin I: a major Ca 2ϩ sensor for 60 min in PBS with 5% FCS and a rabbit polyclonal antibody for transmitter release at a central synapse. Cell 79, 717-727. against sheep LH (Biogenesis, Cologne, Germany; catalog number Gerasimenko, O.V., Gerasimenko, J.V., Belan, P.V., and Petersen, 5720-0104) at 100-fold dilution. Sections were then incubated for O.H. (1996) . Inositol triphosphate and cyclic ADP-ribose-mediated another 60 min in PBS containing 5% FCS and 14-nm gold beads release of Ca 2ϩ from single isolated pancreatic zymogen granules. coated (Slot and Geuze, 1985) with protein A (Pharmacia, catalogue
Cell 84, 473-480. number 17-0770-01). For poststaining, grids were incubated 10 min Gillis, K.D., Mö ßner, R., and Neher, E. (1996) . Protein kinase C enwith 4% osmium tetroxide in distilled water. After air drying, the hances exocytosis from chromaffin cells by increasing the size of the grids were treated for 30 s with Reynolds lead citrate, washed four readily releasable pool of secretory granules. Neuron 16, 1209-1220. times in distilled water, and dried in air.
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